Introduction/Background The aim of the study was to assess morphological predictors for lymph node metastases (Stage III disease) in colon cancer on computed tomography. Methods and materials Ninety-four patients with histology-proven colon cancer (adenocarcinoma) who underwent elective primary curative resection between the years 2012 and 2014 were included. Contrast-enhanced CT examinations were independently reviewed by two blinded observers regarding tumor location, depth of tumor invasion, and presence of lymph node metastases. Ocular presence of internal heterogeneity and presence of irregular outer border were used as morphological criteria for lymph node involvement. Protocol-based histopathology after curative surgery served as reference standard. Sensitivity, specificity, positive (PPV) and negative (NPV) predictive values, and accuracy for each morphological criterion for prediction of stage III disease were calculated. Inter-observer agreement was compared using Kappa statistics. Results According to histopathology, 59 patients were staged as I-II disease and 35 patients were staged as stage III disease. The presence of internal heterogeneity in a lymph node on CT resulted in moderate sensitivity (66-77%) but high specificity (95-95%) for prediction of Stage III disease by both observers. The presence of irregular outer border also resulted in poor sensitivity (49-54%) but high specificity (97-97%). The combination of either internal heterogeneity and/or irregular outer border per patient resulted in a moderate sensitivity (67-77%) and high specificity (95-95%), PPV (89-96%), and NPV (84-88%). Inter-observer agreement (Cohens Kappa) was 0.72. Consensus reading for the combined criteria resulted in sensitivity and specificity of 69% and 100%, respectively. Conclusion Using morphological criteria for lymph node metastases on CT examination in patients with colon cancer results in high specificity but moderate sensitivity in predicting stage III disease.
Introduction
Colorectal cancer is the most common malignancy in the gastrointestinal tract. In Sweden, the incidence is increasing with an aging population, while the mortality is slowly decreasing [1] . About two-thirds of colorectal tumors are located in the colon and one-third in the rectum.
The only curative treatment is surgical removal of the tumor containing the segment of the bowel together with its mesentery comprising local and regional lymph nodes. Adjuvant chemotherapy is recommended for patients with stage III disease (positive lymph node/s) and in some patients with stage II disease depending on the presence of additional histological risk factors after histopathological examination [2] .
In colon cancer, a complete preoperative evaluation includes staging of the primary tumor and assessment of distant metastases in the liver and lungs with computed tomography (CT).
In recent years, some studies advocate and support the use of CT also for local staging of colon cancer containing treatment planning and selection of patients for neoadjuvant treatment.
In the Foxtrot trial, the selection was based on tumor stage, locally advanced tumor, with extramural tumor extensions, initially over 5 mm (ctT3c) but later 1 mm (ctT3a), and showed promising results in down-sizing the tumor stage with preoperative chemotherapy [3] . To select patients with colon cancer for neoadjuvant treatment, knowledge of prognostic factors including regional lymph node involvement will be even more important.
To date, there are no validated imaging criteria for the assessment of lymph node metastases in colon cancer. Previous studies have applied different criteria based on either size and/or morphology. Lymph node size > 1 cm, short-long axis diameter ratio, internal heterogeneity (IH), irregular outer border (IOB), attenuation values > 100 Hounsfield units (HU), and cluster of three or more normal sized lymph nodes, or any combination of the above, have all been used as a single or combined criteria [4] [5] [6] [7] [8] [9] [10] .
A recently published study showed that assessment of morphology in the lymph nodes assessed by a single investigator, the combination of the criteria IH and IOB performed best in predicting nodal involvement, resulting in a sensitivity and specificity of 85% and 75%, respectively [11] .
The aim of this two observer study was to assess the accuracy and inter-observer variation for exclusively morphological criteria IH and IOB of lymph nodes on preoperative CT, either alone or in combination for prediction of stage III colon cancer disease (Fig. 1 ).
Methods and materials

Patients
The study was performed at a University hospital in Stockholm, Sweden. Prior to initiation of the study, a fixed examination protocol for CT, dedicated for reporting surgical and histopathological findings, had been established.
The inclusion criteria were that all patients, scheduled for surgery for histopathology-proven colon cancer (adenocarcinoma) from February 2012 to December 2014, were enrolled in the study. Informed consent was obtained from each patient before entering the study. The study was approved by the local ethics committee.
Patients were routinely scheduled for CT for screening of metastatic disease and assessment of the primary tumor. Demographic data, pre-and postoperative variables, carcinoembryonic antigen assay (CEA) (ref < 5 μg/l), and tumor location were recorded and are summarized in Table 1 . In total, 112 consecutive patients were enrolled in the study.
Eighteen patients were excluded due to CT examination not fulfilling the standards stated in the study protocol (no intravenous contrast or different CT scanner) or presence of metastatic disease.
The remaining cohort (n = 94) comprised 45 women and 49 men with a median age of 72 (range 45-90) years and none had received any pre-treatment.
Computed tomography
All CT examinations included abdomen/pelvis and thorax with intravenous contrast (300 mg I/ml, Iomeron, Bracco, < 60 kg body weight 120 ml, > 60 kg body weight 150 ml) in portal-venous phase (delay 90 s after injection) using a 64-channel multislice CT scanner (GE Light 
CT evaluation
All CT examinations were retrospectively, independently reviewed by two GI radiologists with more than 20 years of experience in cross-sectional imaging of colorectal cancer (ER and LB) and blinded to all clinical information including tumor location. Examinations were assessed according to a dedicated evaluation proforma ("Appendix 1"). In case of no visible tumor in the colon, the tumor stage was assessed as T0. Both observers assessed tumor location (cecum, ascending colon, hepatic flexure, transverse colon, splenic flexure, descending colon, and sigmoid colon), tumor stage [T0, T1-T2, T3ab, T3cd, and T4 (a + b)]. The tumor stage T0 was referred into the tumor stage T1-T2 group for further analysis.
The assessment of lymph node status (N0/N+) was limited to three morphological criteria in line with a previous study in assessment of lymph node metastases criteria in colon cancer with CT: (a) internal heterogeneity within at least one lymph node (IH) defined as mixed attenuation within the lymph node; (b) irregular outer border (IOB) defined as indistinct demarcation of the lymph node and; (c) combination of the two criteria, and therefore called combined criteria [11] (Fig. 2) .
All measurements and assessments were performed on a Sectra Workstation IDS7 (version 15.1.14.41) both using the 5 mm reformatted images and the original thin slices (0.625 mm), the latter primary for detection of small lymph nodes (≤ 5 mm). The original thin slices were also in some cases, where a 5 mm thickness was considered too thick, additionally merged into 2 and 3 mm slice thickness.
Surgery
The median interval time between preoperative CT and the curative surgery was 22 (range 1-54) days. All patients in the study were operated in a curative elective setting and according to colorectal surgical praxis. The resection of colon cancer was made by the principle of clear lateral margins, resection of the loco-regional lymph node bearing mesentery. A dedicated protocol was used for reporting of surgical findings.
Histopathology
Histopathology was performed according to standard procedures at the university hospital pathology department by a specialized GI pathologist (TNM version 7). From the pathologists' original report, the T-and N-stages, total number of harvested and metastatic lymph nodes served as reference standard. For the majority of the patients (n = 80, 85%), the harvested lymph nodes, both benign and metastatic lymph nodes, were categorized according to size (< 5 mm, 5-10 mm, and > 10 mm). Tumor deposits (N1c) assessed by the pathologist were characterized and regarded as equivalent with lymph nodes when comparison with CT images (Appendix 2). 
Statistical analysis
Descriptive statistics were applied to different tumor stages and lymph node characteristics calculating sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) for the prediction of stage III disease. Statistical significance was set to p ≤ 0.05. Inter-observer variation was classified using Cohens Kappa statistics. Data were evaluated using the statistical analysis software, IBM SPSS Statistics (Version 24).
Results
Histopathology
The majority of the tumors, 56 out of 94 (60%), were right sided and located in the cecum and ascending colon. The histopathological distribution of T-and N-stages in the cohort is presented in Table 1 . Thirty-five (37%) patients were lymph node positive (Table 1) . A total of 2086 lymph nodes were harvested (in median 20 lymph nodes per patient, range 3-69), of which 173 lymph nodes were assessed as metastatic (in median 3 lymph nodes per patient, range 1-21 (Table 1) .
CT evaluation
T-stage
T-stage assessed by CT is presented in Table 2 . In 16 and 21 patients, respectively, the observers were not able to detect any tumor (ctT0). Twelve (75%) and fourteen (67%), respectively, of those patients had a pT1-T2 tumor according to histopathology. When stratifying ctT-stage, in not locally advanced (ctT1-T3ab) and locally advanced (ctT3 cd-T4), the sensitivity and specificity for observer 1 compared to the pT-stage were 79% and 96%, and for observer 2, 61% and 97% and consensus 75% and 97%, respectively. Inter-observer agreement for ctT-stage (Cohens Kappa) was 0.76 (good agreement).
N-stage
The number of lymph nodes and patients with each morphological feature assessed by CT is displayed in Table 3 as well as sensitivity, specificity, PPV, and NPV.
Internal heterogeneity (IH)
IH was detected in at least one lymph node in 28 (30%) and 26 (28%) out of 94 patients by observers 1 and 2, respectively. A total number of 93 and 64 lymph nodes, respectively, with this morphologic feature were detected for each observer. Sensitivity/specificity for ctN-stage compared to pN-stage for both observers were 77/95% and 66/95%, respectively. Inter-observer agreement (Cohens Kappa) for ctN-stage was 0.74 (good agreement).
Irregular outer border (IOB)
Lymph nodes assessed as presenting IOB were detected at least in one lymph node in 20 and 19 out of 94 patients, respectively, by observers 1 and 2. Sensitivity/specificity for ctN-stage compared to pN-stage for both observers were 54/97% and 49/97%, respectively.
Both internal heterogeneity and irregular outer border in one lymph node
The combination of IH and IOB in the same lymph node was assessed in 18 out of 94 patients by both observers. 
Nodal stage-Either IH or IOB or IH/IOB
Combining the three possible criteria, IH or IOB or IH/ IOB, for lymph nodes and if at least one event occurred in one patient, this was assessed in 28 and 27 out of 94 patients, respectively, by both observers. Sensitivity/specificity for ctN-stage compared to pN-stage for both observers were 77/95% and 67/95%, respectively (Table 3) . Interobserver agreement (Cohens Kappa) for ctN-stage was 0.72 (good agreement). Consensus ctN-stage compared to pN-stage for metastases resulted in a sensitivity and specificity of 69% and 100%.
In the present study, the major discrepancy was understaging (false negatives, FN) ( Table 3) . For observer 1, there were 8 FN cases. In these patients, there were a total of sixteen metastatic lymph nodes according to histopathology and none of the metastatic nodes were > 10 mm in size. Eleven (69%) metastatic lymph nodes were < 5 mm. For observer 2, there were 11 FN cases with a total of 24 metastatic lymph nodes according to histopathology and none of the metastatic nodes > 10 mm in size. Fifteen (62%) metastatic lymph nodes were < 5 mm according to histopathology.
In consensus reading, the observers had 11 FN cases according to histopathology. Of the total number of 25 lymph node metastases, none were > 10 mm, 8 (32%) lymph nodes were between 5 and 10 mm, and 17 (68%) were < 5 mm in size.
Discussion
The aim of this study was to evaluate the diagnostic predictive performance of morphological lymph node features on CT such as IH, IOB, and a combination of those predictive for stage III disease in colon cancer. TN  58  56  57  57  57  57  58  56  FN  8  12  16  18  18  19  8  11  FP  1  3  2  2  2  2  1  3  TP  27  23  19  17  17  16  27  24  Sensitivity  77  66  54  49  49  46  77  67  Specificity  95  95  97  97  97  97  95  95  PPV  96  88  91  90  90  89  96  89  NPV  88  82  78  76  76  75  88  84 The results of this study show that assessment based on IH alone and the combination of IH and IOB results in a moderate sensitivity but high specificity for prediction of stage III disease. The assessment of IH alone is the strongest predictor of the morphological criteria for metastases supporting the hypothesis of tumor invasion of a lymph node with regular outer border before the periglandular growth (IOB). These results are in line with other comparable studies, yet inferior to the work using morphological criteria in MRI of rectal cancer of Brown et al. where mixed signal intensity or irregular border resulted in a sensitivity of 85% and specificity of 97% [12] . Furthermore, the results are better regarding specificity than reports in a recent metaanalysis, including 16 studies, wherein a sensitivity and specificity of CT for nodal involvement of 71% and 67% were reported [13] . The higher specificity suggests that analyzing lymph node with these criteria could predict patients not having stage III disease.
Furthermore, in histopathological examinations it has been shown that nearly 50% of the lymph nodes in colon cancer are below 5 mm in size [14, 15] . This is also verified in the present study where within the pN+ population in the present study, 56 out of 136 pathologically identified metastatic lymph nodes (41%) were below 5 mm in size. On the other hand, no more than 18 out of 173 (10%) metastatic lymph nodes (in 9 out of 35 patients) exceeded 10 mm in size. The large proportion of small compared to large lymph nodes illustrates the challenge for imaging in assessment of metastatic lymph nodes.
The use of automatic tube current modulation in the CT protocol helped keeping the noise level constant between images within examinations and between patients. With a constant image quality, a more optimal review can be performed. Volumetric high-resolution CT images used today allow a detailed assessment of size and morphology of pathological lesions. Yet, the signal-to-noise ratio is low when using thin slices (0.625 mm) which has to be considered when evaluating morphology to not confuse image noise with heterogeneity. For this reason, we used 5-mm sections for morphological assessment and thinner sections for detection of lymph nodes.
Regarding the T-stage, the classification of tumor stage, into not locally advanced (T1−T3ab) or locally advanced (T3cd-T4) resulted in moderate sensitivity (61-79%) and high specificity (97-97%). The results are in line with a recent meta-analysis including four studies with a pooled sensitivity of 77% and specificity of 70% [13] . The current study shows higher specificity due to low false-positive assessment (Table 3 ). Other reports using MRI for detection and staging of colon cancer have shown similar results [16] [17] [18] . According to histopathology, 28 out of 94 tumors in our study were of tumor stage T3 cd-T4, and out of those, 22 and 17 tumors were correctly classified by observers 1 and 2, respectively. The difference was mainly due to underestimation of extramural disease (EMD) in T3 cd tumors. One patient with a T4a tumor, misclassified by both observers, illustrates challenges in identifying small serosa involvement.
In consensus reading, both observers classified two tumors as not visible (ctT0, ctN0), while they were classified as pT3a (ascending colon) and pT3b (cecum) according to histopathology and both patients were node positive (pN1 and pN2). The first patient had two lymph node metastases, 1 < 5 mm and one 5-10 mm. In the other patient, there were four lymph node metastases, all below 5 mm in size. Since both readers were blinded of the tumor location, the assessment of lymph node in these ctT0 patients was therefore challenging.
In rectal cancer patients, the selection for neoadjuvant treatment is based on the clinical stage where magnetic resonance imaging plays the most important role. Wellknown important prognostic factors in colorectal cancer are tumor stage, extramural vascular invasion, and lymph node involvement [2] . Hence, neoadjuvant treatment has resulted in reduction in tumor size and recurrence rate [19] . For colon cancer, the ongoing FOxTROT trial uses only extramural tumor depth as inclusion criteria based on CT and reported a sensitivity and specificity for lymph node involvement to 83% and 44%, respectively, and was therefore not used. The present study shows that four out of 19 (21%) pT2 tumors had lymph node metastases (a total of four lymph nodes, 3 < 5 mm and one 5-10 mm in size) according to histopathology. Of those four tumors, two were correctly diagnosed as node positive by one observer and misclassified by the other observer. These four patients would potentially benefit from neoadjuvant treatment. In a previous trial using both CT and MRI regarding lymph node metastases in early colorectal cancer with submucosal invasion, a sensitivity of 79% and specificity of 75% were achieved when using size criteria for metastasis of 4.1 mm in short diameter of the lymph node. The authors point out to pay more attention to small nodes in early cancer because it is more likely to be malignant than reactive as in more advanced cancers [20] .
Some studies using FDG PET/CT have reported high specificity but low sensitivity for nodal staging, suggesting that FDG PET/CT is of limited additional value in detecting regional lymph node metastases due to high false-negative rate [21, 22] .
In metastatic colon cancer disease (liver, lung, or paraaortal nodes), some authors claim that FDG PET/CT may alter the management, while other authors claim that it does not [23, 24] . There is evidence supporting PET/ CT as a superior staging modality for patients with metastatic colorectal disease; current National Comprehensive Cancer Network guidelines for colorectal cancer do not recommend the use of FDG PET/CT in preoperative staging of these patients [25] .
Currently, FDG PET/CT has found a role in the evaluation of patients prior to major surgery or with an unexplained rise in their CEA that is suspected to represent a tumor recurrence [26, 27] .
According to the results in the current study, morphological CT criteria alone are not sufficient for nodal staging. The low sensitivity reflects limited presence of visible morphological features for metastases on CT imaging. The high specificity is caused by false negatives and absence of morphological CT criteria in positive lymph node patients according to histopathology. The explanation for this could be that small lymph nodes (< 5 mm) and the microscopic tumor growth in normal lymph nodes are not detectable with CT. If selection of patients for neoadjuvant treatment was done using morphological criteria from this study (IH and IOB), eleven out of 35 patients in the cohort would potentially have been undertreated and none overtreated. On the other hand, if a certain neoadjuvant treatment has potential significant side effects to the extent that overtreatment is not justified, the high specificity of the morphological criteria on CT would be an advantage.
The strength of this study is the homogenous consecutive patient cohort, prospective data collection, all patients were examined with the same CT, an independent evaluation, and all patients having primary curative surgery without neoadjuvant treatment allowing protocol-based detailed histopathology of the resected specimen as a reference.
There are some limitations with this study: the assessment of the morphological image criteria was performed by two highly experienced GI radiologists and may not simulate the clinical everyday setting. The study was on a per-patient basis and no matching of individual lymph nodes between imaging and histopathology was performed.
Another limitation might be that software using quantitative analysis of morphology such as texture analysis was not used. Texture analysis may potentially have a role in the context of characterizing regional lymph nodes on CT in colon cancer although the approach in this setting is rather unexplored. However, small size of lymph nodes will probably then be one of the challenges when performing such analysis.
To conclude, morphological criteria for lymph node metastases on CT in colon cancer result in high specificity and moderate sensitivity in predicting stage III disease. 
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